The consequences for cell envelope integrity of Escherichia coli K-12 
The consequences for cell envelope integrity of Escherichia coli K-12 of the inhibition of protein synthesis by a variety of means have been examined. Protein synthesis was blocked by the antibiotics chloramphenicol and streptomycin, by amino acid starvation of an amino acid auxotroph, and by inactivation of temperature-sensitive aminoacyl transfer ribonucleic acid synthetase and ribosomal mutations. Closely similar morphological and physiological effects were found irrespective of the means by which protein synthesis was blocked. Scanning electron microscopy revealed a spectrum of changes after protein inhibition, with granular material derived from cells and spheroplasts commonly seen. Streptomycin caused additional changes manifested in a collapsed appearance of treated cells. Measurements of the release of lipopolysaccharide from the cell surface, alterations in outer membrane penetrability, and lysis of lysozymeethylenediaminetetraacetic acid-treated cultures also showed that the various inhibitory treatments all had similar effects on cell envelope properties. The close correspondence between the effects seen with antibiotic-treated cultures and those in which protein synthesis inhibition was achieved by use of mutants indicates that the effects of chloramphenicol and streptomycin on the cell envelope are indirect consequences of ribosomal block, rather than due to multiple sites of action of the antibiotics.
There have been numerous reports of the morphological changes induced by the treatment of gram-negative bacteria with antibiotics that inhibit cell wall synthesis, but fewer have concerned themselves with the consequences of the changes in cultures treated with various antibiotics, including chloramphenicol and streptomycin, and Bergersen (3) examined stained preparations of chloramphenicol-treated cells. The effect of chloramphenicol on Escherichia coli was studied by Morgan et al. (20) by electron microscopy of thin sections, and more recently the scanning electron microscope (SEM) has been used by Klainer and Perkins (17) to observe the morphologies of organisms exposed to a number of antibiotics known to inhibit ribosomal function. Pulvertaft, Bergersen, and Klainer and Perkins all described aberrant forms of E. coli from antibiotic-treated cultures; these forms had enlarged cells, swollen cells resembling spheroplasts, filaments, branching forms, and other evidence of surface disruption.
Physiological and biochemical evidence for an effect of ribosome-active antibiotics on cellu-I Present address: NRCC Division of Biological Sciences Ottawa, Canada KIA OR6. lar morphology and surface integrity has also been presented. Allison et al. (2) showed by using an electronic particle counter that the size distribution of a cuilture of E. coli changed during chloramphenicol treatment, and Wyatt (31), using laser scattering techniques, has found changes in cell size distribution in a culture of Pseudomonas aeruginosa exposed to neomycin. Matzura and Broda (19) and Normark and Westling (22) have shown that chloramphenicol causes a change in the permeability properties of the outer membrane, and it has been shown that chloramphenicol treatment results in the release from cells of E. coli and Salmonella typhimurium of a lipopolysaccharide (LPS)-phospholipid-protein complex derived from the outer membrane of the cell (7, 25) . Similar changes in the outer membrane occur when protein synthesis is blocked by starving an auxotroph of a required amino acid (18, 19, 22, 25) (24) showed that the barrier to the entry of rifampin lay in the outer membrane and that a maximal killing rate was only achieved at concentrations of 100 Mg/ml or more. To assess whether the susceptibility of organisms to the killing action of rifampin was altered by blocking of protein synthesis, the lethality of 100 Ag of rifampin per ml was also measured. After 3 h of incubation under the conditions specified in the text, rifampin was added to cultures to give the desired concentration. Twenty minutes later, samples were removed and the number of cells capable of forming colonies at 32 C was measured.
Lysozyme-EDTA treatment. The method of So- (Fig. 2) . Objects identified as spheroplasts, emerging generally at the midpoint of long cells that were presumably approaching division, are also seen (Fig. 3) , and these resemble the spheroplasts induced by antibiotics inhibiting cell wall synthesis (12, 15, 21) . The extent of spheroplasting and resultant lysis was not sufficient to cause a drop in the optical density of the culture. Organisms from a culture of strain JP5121 (pheS353) grown at 42 C, the temperature at which protein synthesis in pheS353 strains is blocked due to inactivation of phenylalanyl transfer ribonucleic acid synthetase (26) , is shown in Figure 4 ; granular material, as well as spheroplasts of various sizes, are seen. The largest spheroplasts we observed had a diameter of about 5 ,m and so were similar in size to those described by Nishino and Nakazawa (21) Fig. 6 (top) illustrates the collapsed appearance of C 1714 cells grown at 42 C and granular material previously demonstrated; spheroplasts were also seen.
The findings presented above essentially confirm and extend those reported previously (17) to show that very similar morphological changes are induced when protein synthesis is inhibited by any of a number of means. The nature of the granular matter is still unknown; it could consist of intracellular material released from burst spheroplasts or might alternatively be derived from the outer membrane, which is disrupted as a consequence of protein synthesis inhibition (see below). The electron micrographs of Knox et al. (18) showed outer membrane blebbing off all over the cell surface, whereas the granular material we observed was typically conglomerated at a single point, perhaps as a consequence of the particular means of specimen preparation. There has been a previous report of outer membrane material detaching from the cell and forming up into coiled masses; this material may accumulate at one end of the. cell (4), and certain physical treatments can cause ballooning of the outer membrane at individual sites on the cell surface (10, 29) . Attempts to identify the granular matter as being derived from the outer membrane by investigating the attachment of phage T4 to it, as suggested by De Pamphilis (9), have been confounded by the close correspondence in size and appearance of T4 and granular matter viewed by SEM. Granular material is also observed in cultures treated with penicillin but, since penicillin causes outer membrane disruption (6; our unpublished observations) as well as its well-known spheroplasting activity, the results do not help identify it.
Release of outer membrane material. Knox et al. (18) Fig. 7 indicates, there is a marked increase in the amount of LPS released in all cases when protein synthesis is blocked.
Changes in outer membrane permeability. Previous reports have demonstrated changes in the susceptibility of cultures in which protein synthesis has been blocked by agents such as lysozyme, sodium deoxycholate, actinomycin D, or rifampin, all of which are normally restricted from entering the cell by the outer membrane (18, 19, 22, 26) . Table 2 shows how inhibition of protein synthesis by chloramphenicol or the pheS353 mutation increased the Figure 8 confirms this effect for amino acidstarved cells and shows the similai result obtained with chloramphenicol-treated and temperature-shifted pheS353 cultures. It is interesting to note that Broda (5) produced evidence suggesting that cytoplasmic membrane permeability was altered subsequent to the inhibition of protein synthesis; Davis suggested that streptomycin causes the rapid appearance of membrane damage (8) .
Effects of rel genotype. Strains JP5109 and JP5121 used in the above experiments have "stringent" control of ribonucleic acid synthesis. There is considerable evidence to show, however, that the consequence of amino acid limitation of "relaxed" (Rel-) strains shows a greater parallelism with the effects of ribosomeinhibiting antibiotics than does limitation of "stringent" (Rel+) ones (28). We did not attempt to quantitatively compare the morphological changes seen in starved Rel+ and RelP cultures, but examined strains carrying each allele for LPS release, outer membrane permeability changes, and spheroplast stability. In all cases where Rel+ cells show altered envelope properties, we find a much more marked effect with Rel-strains (unpublished data). Other authors found no evidence of envelope changes in starved Rel+ strains under conditions where Rel-or chloramphenicol-treated cells displayed extensive alterations (19, 22, 30) , although one Rel+ strain did show some changes after prolonged starvation (18) . Our results are in agreement with other reports in that we find that starved Rel+ strains showed very limited envelope changes at 32 or 37 C, but we did find that extensive envelope alterations occurred during starvation at 42 C (R. R. B. Russell and A. F. Egan, manuscript in preparation). surface disruption of antibiotic-treated E. coli (17) . Our study revealed no forms quite like the "raspberries" described earlier (17) ; the reason for this is unknown, though it may simply be a. consequence of different strains being used (E. coli K-12 here, and a smooth clinically isolated E. coli previously).
The earlier morphological studies (17) did not allow a distinction between the possibility of the antibiotics interfering directly with cell envelope synthesis, or the alternative explanation that the surface changes were only a secondary consequence of a ribosomal block. It is now clear that preparations of cultures in which protein synthesis has been blocked by amino acid starvation of an amino acid auxotroph, or by inactivation of a temperature-sensitive component of the protein-synthesizing machinery, very closely resemble those of cultures treated with chloramphenicol both in morphology as seen by SEM and in several physiological parameters examined (LPS release, outer membrane permeability, and lysozyme-EDTA susceptibility). Streptomycin induces the same changes as found with the other inhibitory treatments, but in addition appears to cause cellular collapse. The particular morphological appearance of streptomycin-treated cells is, however, also seen with a mutant in which the ribosome is inactivated by mutation, thus demonstrating that all the observed surface manifestations of antibiotic-induced changes are secondary consequences of the ribosomal block rather than due to the antibiotics having secondary sites of action at the membrane.
The mechanism by which the various aberrant forms seen by SEM arise is unclear but would seem in general to be a consequence of unbalanced cellular metabolism, a supposition that is supported by the fact that not all cells respond in the same manner and by the previously reported observation that the development of abnormal forms is extremely dependent on the physiological state of the culture at the time of inhibition, the growth medium used, and the completeness of the inhibition (2, 13, 17, 23) . The mechanism by which outer membrane material (LPS complex) is released from cells and the consequence of the release are not yet elucidated. The outer membrane of gram-negative bacteria acts as a barrier to the penetration of a variety of large molecules, including the antibiotics rifampin and actinomycin D, to their intracellular sites of action (11) . In all cases where release of outer membrane complex is observed, we find increased cellular penetrability by rifampin, but it is obviously premature to conclude that the penetrability change is due solely to release of material. A thorough study of both the amount and the composition of the outer membrane material remaining on the cell should throw light on the nature of the barrier.
The clinical significance of the findings reported here can only be considered with caution, but the possibility' of synergism between protein inhibitors and other antibacterial factors in the body and the emergence of stable morphological variants is of considerable interest and hopefully will stimulate a re-evaluation of the relationships between antimicrobial therapy and the morphology and role of organisms recovered from clinical material.
Irrespective of whether the above speculations prove of any value, we hope that the results described in this report will contribute to a greater appreciation of the fact that, even though the primary site of molecular action of an antibiotic may be known, the fact that individual members of a population of a particular organism respond in a variety of ways, and show cellular changes not readily predicted from the known site of antibiotic action, may have far-reaching implications for an understanding of its use in chemotherapy.
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